Journal of Fesaarch of the Hallstal Bureau of Standards

Vol. 48, No. 3, March 1552, Fesearch Paper 2305

Influence of Nitrogen on the Notch Toué:;hness of Heat-
Treated 0.3-Percent-Carbon Steels at Low Temperatures™

Glenn W. Geil, Neskit L. Carwile, and Thomas G, Digges

Ghmc'{;y impact tests were made st temperatures ranging from — 196 to 4+ I00% CF on

fully har

ned and tempered apacimens of 0.3-percent-carbon staels with varlable nitrogen.

The transition from ductile to britile fracturea was afectad by both the emount sted
form of the nitrogen in the steels. Fixation of tha nitrogen ay aluminum nitride was bene—
ficial, az the pluminum-trested steels had considerably lower teansition temperatures than

thoee of the steels not freated with sluminum.

1. Imtroduction

It is now widely recognized in the field of matal-
lurgy that ferrous metala, such as ordin carbon
and low-alloy steels, exhibit a characteristic loes of
toughness when certain low temperatures are reached.
This decresse in the toughnese of the steel may oceur
near room temperature or at much lower tempera-
tures, depending upon the eomposition, manufac-
turing process, subsequent treatmett of the sicol,
and method of applying ztress. Tnder the condi-
tions of stress impesed by & notch and at some tem-
peratures or range of temperatures, the behavior of
the steel ean be ezpected fo change from tough to
brittla. This ch is generally aceompanisd not
only by a decrease i ductility but alse by a chon
in ia appearance of the facture surface of the stecl,
the fracture surface changing from a fibrous to &
granular type ss the temperature is lowered from
above to below this transition.

Different methoda of testing are employed for
" determining the transition temperature of varions
matarinls [1 te 8] A convenient and widely wsed
method consists of bresking notehed specimens,
such as Charpy V- or keyhole-notch, in impaet at
accurately controllad temperaturss. Howewer, it
ghould be pointed out that the transition tempera-
ture as determined by one method may not agree
cloeely with that obtained with some other method.
In general, the transition temperature is lowerad as
the test conditions are changed from fracturing in
impaet to tension, and etill lower values are obtained
in torsion. As the primary purpose of the present
investigation was to study t.ll':e specific influvence of
nit,mﬁan on the notch toughness at low temperature
of fully hardened and tempered specimens of 0.30-
percent-parbon steels, a single test method was used.
This eliminated the many wariable {actors arising
from differences in test methods. The results to
ha reported are thoze obtained on Charpy Y-notch
specimens fractured at temperatures ranging from
—196° to +100° C.

2. Previous Investigations

Many investigators have reported studies cn the
notch toughness of fermtic steels in which the effects
' Thi= investigation wea sponscred in pert by the Crdosmee [repartment

Watsartowy A
1 Figaaros in brackets indicate the literadurs mftreoces ok the eodof this pape.

of exygen, nitrogen, and aluminum have been dis-
cusseg‘ HResults of several investigntions [3, 9 to 12]
indicate that oxyvgen in the steel in aolution or as
iron oxide, manganese oxide, etc., has a strongly
detrimental effect on the mechanical properties at
low temperatures. Deoxidation of steel with alu-
minum, =silicon, vanodium, titeniom, or zireonium
gencrally improves the mechanical properties at low
temperatures [9, 11, 13 to 21]. As most of these
deoxidizera are also effective as in refiners and
pevaral also tend to combine with the ¢arbon and
nitrogen to form carbides and nitrides, their influence
on the notch toughness of steel cannot be attributed
zolely to the removal of the oxygen. The notch
tonghness increases with decrease i the ferrite grain
gize [22 to 26), and it also may be affected by the
smount and form of the nitrogen in the steel.

Fast [0] found that the energy absorbed by high-
purity 1ron in notched-bar impact tests at room
temperature decrensed with increase in the amount
of oxygen present; the effect was small for iron in
which the carbon iz 0.002 percent or more; the addi-
tion of (L.O18 percent of oxygen to the iron raised
the transition temperature about 50 deg (. Allan
[12] reperted from the results of tests made with
Charpy Y-notch specimens, that the transition
temperature of normalized high-purity iron was
affected markedly by it oxygen content; as soon as
the oxygen increased above 0.003 percent, the transi-
tion temperature bagan to rise sharply. This notoh
brittleness in impact is attributed by both Fast and
Allen to & grain boundary film of iron oxide, causing
a weakening of the cohesion at the grain houndaries.

According to Fast [9) the presence of mitrogen in
high-purity iron does not appreciably affect the
low-temperature properties, bui it i the cause of
blue brittlenesa, that is, » decrease in absorbed
encrgy in notch-bar impact tests in the range 360°
to 460° (. Other investigators [3, 10, 27] also
have atteibuted the blue brittlemess of steel to
nitrogen or nitrogen precipitates. However, Huli-
gren and Chang [28] recently reported that an
ron nitride precipitate i8 not o cause of embrittle-
tent of steel. The data obtained in many investi-
gations [11, 15, 27, 29 to 34] indicate that nitrogen
increases the aging and strain eensitivity of certain
eteals and irons. Some of these data also indicate
that nitrogen decreases the notch-bar impact values
and increascs the transition temperstures. Nitro-
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gen influences the grain size of steel, &nd this affects
the low-temperature properties. Sufficient data are
not vet avalable to permit a separate analysis of
theze affects.

The beneficial action of aluminum on the tough-
ness of steels at low temperatures has been atirib-
uted by several investigators [11, 15, 29, 30] to the
fixation of the nitrogen as aluminum nitride. Ni-
trogen in_the form of iron nitride or manganese
nitride ig believed to contribute more to strain sen-
sitivity snd embrttlement then nitrogen present as
alominum nitride. Work and Enzian {11] postu-
lated that the presenee of aluminum nitride in stesl
may even have a heneficial effect. They atated,
“It seenta probable that the form in which oxygen
or nitrogen is present in the steel has a greater
bearing on the properties than the total content of
either elatnent.”

3. Steels and Procedures

The composition of the steels used is given in
table 1. Kach steel contamed about 0.30 percent
of carbon, 0.25 peresnt of silicon, and abovt 0.9 or
1.6 percent of m ege. The nitrogen and oxy-
gen contente varied with the praetice used in pro-
cegsing the heata.

The procedure for processing these steala is de-
geribed in some detail in provions reports [35, 36].
Essentially, the procedure consisted of using ingot
iton as the base of 200- to 300-Ib charges, melting
in & magmesia-lined induction furnace without slags,
and pouring into hig-end-up steel moids of about
50-lb capacity each, equipped with hot tops; stes]
41 was prepared fromm & melt woder slag. In pre-
paring the setries varying in nitrogen conhitent,

TarLE 1.

'The ingats and daternoinatlong for carbon, mangarese, phoaphomme,
mired on drilfoes Irore the Ingol sl e Tode of the Bot top, Analyses Tor ni
at the National Puresu of Siandards on 2sm Eﬂm from the: frectured
vapprinl Teslen ;| almminum nitride as degerlbsd by ehly [

i or ke gusca vl thely sormpaundgs wee aoneldered Ly De pota

Huﬁﬁigwﬂﬂtq alumloum by spemtrachemisal
n
to within Apgroaimmilsly 00000 pereent.

A7]: Bluminum oxide by

wdditions of caloium cyanamide ftechniesl grade}
wers made o the molien charge just before deoxi-
dizing with .10 parcent of aluminum and pouring.
Each ingot was hot-rolled into & plate 0.5 to 0.6 in.
thick, end all test specimens wers prepared from
these plates after normalizing (heating at 1,650° F
for 1 hr, followed by cooling in :urfﬂ Metallo-
grephic examination of the normalized plates showed
maderate to pronounced ferrite banding.

The Charpy specimenz were rough machined to
approximately 0.43 in. square by 2.16 in. long.
Theszs over-gized specimens wera pluced in a furnece
at 1,575° F, and, after 30 min, were quenched in
water at room temperature, tempered at 1,000° F
for 1 hr, and aireocled to room temperature.
At 1,675 F, the atoels treated with sluminum were
fine-grained, whereas the steels not treated with
sluminum were ¢f mized grain size (table ).
Beeanse of this variation in grain size at 1,575° K,
additional specimens of the steels not treated with
aluminum were quenched from a lower temperature
{1,500° F) at which they were also fAne-grained.
The heat-trested specimens were then wet ground
to eige fends not ground) snd notehed with the
notch loented at right angles to the rolled surfaces
of the plates and normal to the direction of rolling,
8% illusteated in figure 1,

Hurdness testa (Rockwell O} were made at room
temperature on the ¥ specimens nfter frac.
turing; two or more readings were made on each
specimeni. Each hardness walue given in table 2
ta the average obitgined from the entire number of
specimens EIJL% that steel. The hardness was quite
uniform in all the specimens heat-treated from a
aclected steel, bot the average hardness of the 0.9-
percent-manganese steels was slightly lower than
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that of the steels containing 1.6 percent of maoganese.

The notched-bar impact tests were carried out in
duplicata at termperatures ranging from —196° to
41007 C in a Charpy machine of 224.1 fi-Ib capar-
ity, with a striking velocity of the bammer of 16.85
ftfzee. ‘The specimens, excopt those tested at Toom
tempetatire, were immerszed in sn Insulated bath
at the desired tempera for & minimum time of
30 min and then quickly teaneferred to the nmpact
machine and broken. The total time elapsing
hetween the removal from the hath and the breaking
of the apecimen in the impact machine ad from
3 to 4 sec. For the teats at —196° C, the Insulated
bath contained liquid nitrogen. For the tests at
=120° and —100° O, the insyulated bath contained
dichlgro-diflugre methane (Freon 123, apd  the
desired temperature was maintained by the con-
trolled paseage of liguid nitrogen through a copper
coil immersed in the bath. For the tests at —75°,
—T70°, —40%, and —35° ¢, the insulated bath con-
tained equal parts by volume of carbon tetrachloride
end chloroform, and the desired temperature was
maintained by regulated additions of solid earbon
dioxide, The temperatures of the specimens in the
refrigerant bath were measured by meany of »
thermocouple and a precision potentiometer, For
the tests at +100° C, the specimens were heated in
a bath of beiling water in which a small smount of
sodinm chromate had beer added as an inhibitor to
Corrosion.

4. Results and Discuasion

The relation hetween the energy absorbed in
fracturing Charpy ¥-notch specimens and test tem-
- perature Tor the different steels is shown in figures
2 to 5. In thess figures, the velue for energy re-
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Dimenatons of Charpy apecgmen and s Localion
ting of the pleter,

Fiaree 1.
it relation fo the directfon of

&ﬁm& to fracture each aﬁ-eciman ie plofted against
e test temperature, snd smooth curves are con-
strucked to represent the energy-temperature rels-
ticnship, An  interesting feature 18 the close
agreement of the noteh toughness values for duplicate
testa even in the transition temperature range in
which considerable scatter is normally expected.
Various criteria have been used for evaluating the
data obtained in notch-bar impact teats, and no
single criterion or group of criteria has been accepted
&5 & standard. @ specific criterion veed depends
primarily upon the type of test and objective of the
mvestigation. In the present study, the evaluation
of the test data is based mainly on the eurve showing
the relation betwaen energy absorbed and test tem-
peratura, ag given in figures 2 to 5, The transition
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temperatura from tough to brittle behavior is desig-
nated as the temperature at which the energy ab-
sorbed is the mean of the highest and lowest values,
that is, mean value for tcstz made at 4100° and
—196% (, respectively. The mean cnergy  volue
OCCUrs uppmximatel% at the position of tho greatest
slope of the eurve.  Thus this transition tempersture
alzo corresponda to that at which the rate of deerease
in energy ia & maximum with decrease in test
femperature,

The appearance of the fractured surfaces of
Charpy V-notch speeimens also shows a correlation
with tﬁe shape of the above curves, A dull, fibrous
appearanes with considerable deformation is chpr-
acteristic of Charpy impact fractures of w tough
maierial, wherezs a bright granular or crystalline
appearance with very small deformation is typical of
a.%ritl:le malerial. Partly fibrous and partly granular
fractures are often obisined in specimens fested in
the transition renge from touph to brittle materisl.
This gorrelation is evident by & comparison of the
curve representing the estimated percentage of
graunular fracture at each test tempergture {avaraga
of duplicate specimens) with the curvez based on
energy values. A traosifion temperature of each
steel when based uwpon 50-percent granular fracture
corresponds fairly closely to that &s determined by
the an -temperature curve {table 2).

The influense of variation in the chemicsl compo-
gition of the 0.3-percent-carbon steels used in this
invastigation on the transition temperstyre and the
notch toughness at low femperatures is summarized
in figures 6 to 12. The straight lines shown in these
figurez were determined by the method of leaat
SQUATES.

The influence of nitrogen on the notch toughness
at room temperature and on the transition tempera-
ture of the sluminum-treated steals is shown by the
deta given in fi 6 and 7. The slope of the
straight line for the noteh toughtiess a6 room tomper-
ature of the 0.9-percent-manganese steels (fig, 6) is
aitgnjﬁc&nt.ly different from zero,? whereas the slops
of the line for the 1.6-percent-manganese steels is
not significantly different from zero.  Although there
was & slight irend with the {.9-percent mnnganese
steeiz for the encrgy absorbed at room temperature
ta decreage a3 the nitro wad increased, this trend
is not helieved to be of practical importance; all of
thege aluminum-treated steels are classified ae noteh
thfh at room temperature (rango of about 50 to
70 fi-1b),  Howewver, 8 definite and significant trand
i shown in fipure 7 in that the transition temperature
of these steele was lowerad as the nitrogen was
increasad. :

Both iron and manganese nitrides have been re-

orted as being detrimental to noteh toughness at
ow temperature. Chemicel analvees, therefore,
were e to ascertgin the form of the nitrogen in
the present steelz. Tha resulis given in table 1 show
thet the nitrogen in the aluminum-treated stecls was
in the form of sluminum nitride. Thus, when the

"'The methsd moed 16 detérmine signlfownce 13 tasmtially that reported by
Youwden [59],

aluminum nitride is plotted against the energy ab-
sorbed at room temperature and the transiticn fem-
perature, relationshipa are obtained thaf are similar
to the above, as is illustrated for the latter in figure 8.
This evidence, therefore, indicates that high nitrogen

resent in the form of aluminum fitcide was bene:

cinl to the notch toughness at low temperature of
thege 0.3-percent-carbon steele, containing either (.9
or 1.6 percent of manganese. Sufficient data are not
avallable to determine the role of dissolved (un-
comIbined} pitrogen on notch toughness of these
steals,
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treated wilh gluminym,

A noteworthy feature is the relatively high transi-
tion temperature of the three stecls not treated with
aluminum {values shown as dark circles in figs, § to
12}, As the notch tonghness of certain heat-treated
steels is kmown to be affected by wide variations in
austenite grain gize, and a3 the average grain size at
1,676° F o%rt.he steels not treated with aluminur was
coargser than that of the aluminum-treated steels
{table 2}, additional tests were made on fine-grained
Charpy specimens of the former steels when quenched
from 1,500° F, followed by tempering at 1,000° F.
The results, summearized in figure 2 (compare results
of heat treatments A with B} show only minor, if any,
decreases in transition tetnperaiure with a chahge m
austenite grains from ASTM No. 45 to No, 78,
The chsetved difference m trapsition temperatures
betwean the siesls treated with sluminum and the
gteels not treated with aluminum, therefore, cannot
be attributed to a prain size effect.
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Meta]ln%'mphiﬂ expmination of tha cross sections
prepared Irom each of the heat-treated aceels (all
steels jncluded in table 1) showed no indication of
free ferrite.  Evidently, the relatively high transition
temperature of the steels not treated with aluminem
i# oot due to the presence of free ferrite in the heat-
treated Charpy specimens.

It iz believed thet the inferior properties at low
temperatures of the three steels not treated with
sluminym may be attributed to the prescoee of ni-
trides and oxidea other than alumingm, or a combi-
nation of these compounds.

The total oxygen content of the stecls treated with
aluminuwm ranged from about 0.004 te 0.010 percent.
This oxygen existed in the heat-treated specimen
principally a2 sluminum oxide (table 1). In the
atecls not treated with alumitutn, the total oxygzen
ranged from 9.009 to 0.011 percent, with less t
0.001 percent as alominum oxide. For the stecls
treated with aluminum, an apparent trend was indi-
cated for the transition temperature to decrease
slightly with an incrense in total oxygen (fig. 9) or
sluminum oxide {fiz. 10}). However, the alope of
each sirgight line 15 not significantly diferent from
gero, and thus for these steels variation in either total
(¥} n or gluminum oxide had no appreciable cffact
on the transition temperature, Moreover, variation
in either total oxygen or aluminum oxide had neo
gignificant effect on tha notch toughness at room
temperature of theas atecls.

0 significant trends were found when the total
asluminum was plotted against the transition tempera-
ture or the energy absorbed at room temporature.
Trends were shown for beth the encrgy absorbed at
room temperature and the transition temperature to
increpse as the amount of uneombined alnminum was
increased, as is illustrated in figures 11 &nd 12, respec-
tively, The slope of each line js si ifieantly differ-
ent from zera. The data indicnte that the presenca
of aluminum in excess of that necessary to fix all of
the oxygen and nitrogen in these 0.3-percent-carhon
pteels nz aluminum oxide and aluminum nitride was
elightly Leneficial to notch toughhcss ab room tem-

ratures and detrimental at low temperatures,

owaver, it should again be pointed out that these
oteels ponteined variaﬁ; amounts of nitrogen in the
form of aluminume nitride and, to & rough approxima-
tion, the aluminum nitride deerensad with incrense in
the uncombined aluminum content. Thus, these
trends also can be attributed to the variation in the
aluminum-niteide content of the sieels. Moreover
it ghould be noted that the transition temperature of
the stesls not traated with aluminum were consider-
ably hipher than those of the steels treated with
gluminum. ‘The inferior properties of the ateels not
treated with aluminum presumaebly might be due to
the presence of nitrides of iron or mangancse or both,

Incrensing the manganese from 0.9 to 1.8 percent
had no material effzct on the transition temperature
of thiz series of steels with variable nitrogen. The
energy abaorbed &t room temperature was slightly
higher in the 0.9-percent-tmanganesa than thot of the
1. &-percent-mangancse stecls with the same total

nitrogen (fig. 8} or. uncombined aluminum (fig,
11}. As previously pointed out, however, the aver-
age hardness of the C ¥ specimens of tha the
0.93-percent-manganese steal was slightly lower than
that of the 1.6-parcent-mangancse steel.

5. Summary

Charpy impact tests were made at temperatures
ra.ndgmg from —196° to +100° C en fully hardensd
and temperad spacimane (V-noteh) of 0.3-percent
carhon, .- and 1.6-percent manganesa steels with
varinble nitrogen.  All steels wara meda in induction
furnaces.

The stoels that had been treated with 0.10-percent
aluminum in the furnace just prior to pouring had
better noteh touphness at low temperstures, as
measured by the transition temperature at which
the fractura changes from ductila to britile, than tha
steels mot treated with aluminum. The notch
toughness at room temperature of the sluminum-
treated stoels also was somewhat superior to that
of the steels not treated with aluminum,

The evidence indicates that the influence of ni-
trogen on noteh toughness at low temperatures waa
affzcted not only by the amount present but also
by it form. A trend was cbaerved of a lowering of
t];fe transition temperature with increase in the slu-
minuim nitride content of the steels treated with
aliminym in excess of thak necessary to fix all of the
nitrogen and oxygen as aluminum nitride and alu-
minum oxide, respectivaly. The relatively high
transition tempergture of the steels not treated with
alominum may be attributed to nitrides other than
aluminum, oxides other than aluminum, or & com-
Lination of thess compoundsa.

The authors gratefull ncknuw]edﬁe their indebt-
edness to J. D). Grimsley and C. R. Johnson for
assistance 1n preparing and testing sﬂemmans and
assembling data; to J. T. Sterling for the defermina-
tion of 533&3 by vacuum fusion; to JF. L. Hague and
J. I. Shultz for chemical analy=es, and to J. . Camp-
bell for spectrochemical analysis.
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